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20.  (Con’t) 


i«o4nn  Another  objective  was  to  aid  in  the  assessment  of  the  explosion- 
resistant’  capabilities  of  existing  buildings  at  the  Pantex  Plant  near 
Amarillo,  Texas. 

factors  are  used. 


4.6  HAZARDS  TO  PERSONNEL  FROM  AIR  BLAST 


in^plete^^untU 

“^„Sru»/::nsid«:birtl.e  an/efto»  “tL'l ur,^ 

isms  and  blast  pathology.  ,  arinns  other  topographical  conditions 

-[-5  fa ::  p  r?A  riirr, 

-.ref.er„air 

!rtuftifa:rt^jrir“a’'»oa:p“dpod/:xpoJ^ 

ary  effects  Involving  ^  J  environment  which  are  accelerated 

“frai'lnLSu^a'^iS  Srrilafvava  (appaJtaaanaas)  ahall  be  dlacuasad  in 
Chapter  6. 

4.6.1  Primary  Blast  Damage 


Prtory  blast  effects  ate  associated  "^“8«^ln^anvlro^ent^pres-_ 

sure  due  to  the  occurrence  of  the  alt  blast.  Ma 

cident,  reflected  and  dynamic  ^^^/^uration  of  the  blast  wave 

pressure  after  arrival  of  t  e  wave  also  plays  a  major  role  (Refs. 

(Ref.  4.61).  Specific  Impulse  of  '“Lt  of  blast  Injury 

4.62  and  4.63).  Other  parameters  „  of  animal,  and  possibly 

are  the  ambient  atmospheric  ptessur  ,  ereatest  differences  in  density  of 

age..  Parts  of  the  body  where  there  f  ““3^  damage  (Refs.  4.61. 

.......rs=  sk; 

hemorrhage  and  edema  (Refs.  4.61  and  .  ),  P  system  (Ref.  4.61),  loss 

air-embolic  Insult  to  the  heart  an  ce  -.^.j  Tg  fibrotic  foci,  or  fine  scars, 

”o[  ;h:1:rgr^Rrf!^r:4r  ith;r  L'^^refUcts  rup^re  Of  the  eardr^s 

‘"ach'ea'jnbrorina’l^rvlt;:  spiS  meninges  and  radicles  of  the  spinal  nerves 
I^rvarious  other  portions  of  the  body  (Ref.  4.61). 
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Bowen,  «  “1- 

=n  irtris-r'^e^  so„e  ^rc;:risficforrireer:e^ 

tent  of  demege  from  the  blest  ^  t3,,g^t.  Including  Its 

ambient  atmospheric  pressure,  ^  jl^gt  wave  and  nearby  objects 

mass  and  (Lf  4  wrand  later  Uhlte,  at  al. 

(Ref.  4.62).  Although  Richmond,  et  3^  jRe  tendency  of  the 

(Ref.  4.62).  both  from  the  Lovelace  juration  blast 

lethality  curves  to  approach  dependence  onVessure  and  duration 

waves,  their  lethality  curves  “P“„'essure  L  well  as  duration, 

alone.  Since  specific  Impulse  Is  dependent  „  ^e  more  appro- 

pressure-impulse  lethality  or  surv  lethality  curves  to  approach  asymp- 

priate.  The  tendency  for  ^ 

iotlc  limits  is  also  very  aesthetically  at  a  specified  dls- 

of  view.  Also,  since  ^th  ^  d^dlrectly  using  methods  described 

tance  from  most  explosions  can  be  caWated  di«c  »  “  j  lethality 

in  this  document.  It  Is  done  and  Is  described 

(or  survivability)  curves  be  reproduced  here  as  Figure 

in  Reference  4.59.  These  curves  and  their  use  are  rep 

A. 68. 

Sintplifying  Lovelace’s  scaling  laws  in  such  ^  arrive^afthe 

human  species  or  large  animals  are  considered,  one 
following  relationships  or  scaling  laws: 

1.  The  affect  of  incident  overpressure  is  dependent  on  the  ambient 
atmospheric  pressure.  That  is. 


P 

s 


(4.70) 


2. 


/here  Pa  is  scaled  Incident  peak  overpressure,  Pg  is  peak  inci- 
lent  ovirpressure,  and  Po  is  ambient  atmospheric  pressure. 


The  effect  of  blast  wave 
ent  atmospheric  pressure 

is. 


positive  duration  is  dependent  on  ambi- 
and  the  mass  of  the  human  target.  That 


T 


1/3 

m 


(4.71) 


where  T  is  scaled  positive  duration,  T  is  positive  duration,  and 
m  is  weight  of  human  body.  ^ 
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Scaled  Overpressure 


I  _ 

1 


Figure  4.68  Survival  Curves  for  Lung  Damage  to  Man 
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3.  Impulse  ig  can  be  approximated  by 

P  T 

.  _  s_ 


(4.72) 


Equation  (4.72)  «su.ea  J  triangular  ^-naa^^at Ive . 

from  an  injury  standpoint,  for  lon^  ^  specific  impulse  required  for 

square  wave  shapes  because  it  ^^Jroximation  for  "shorf  dur- 

a^ertain  percent  h^e  a  sLrt  rise  time  to  peak  over- 

ation  blast  waves  which  characterist  ^  nressure,  the  total  wave  shape 

arrive  at  a  scaling  law  for  specific  impulse. 


“  2 


(4.73) 


where  I  is  scaled  specific  impulse.  From  Equations  (4.71),  (4.72),  an 


i  =  o 


P  T 
s 


(4.74) 


1/2  1/3 

Pm 


or  from  Equation  (4.72) 


i  *  — 


ig 

1/2  1/1 

Pm 

r\ 


(4.75) 
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sltltudes  with  differeTit  ^'j”y"t“oterpie”Eurrair«p»<-.ltlr  ii»- 

hi^an  bodies.  Once  one  Equations  (4-70)  and  (A.75). 

pulse  for  an  explosion,  they  to  use  for  the  scaling  can  be  acquired 

proper  ambient  atmospheric  pressure  to  decreases  with  increas- 

ho/FiU  A -67.  T;  )  ISeTaire  for  bod,  .eight  used  In 

log  altitude  above  aca  level  (Ref .A. 19).  i  itlon  of  the  particular 

-a Tn^d‘rii%rtrg-r.  v  i^n^  iy-^rfor‘rdu^trl;a. 

ft  shof  d  rf  tf  ef  tSi  the  smallest  bodies  in  this  case  are  the  post  sus¬ 


ceptible  to  injury. 
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Atmospheric  Pressure 


15 


Figure  4.69 


Atmospheric  Pressure  as  a  Function  of 
Altitude  Above  Sea  Level 


) 
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EXAMPLE  PROBLEM  A.IA 


PROBLEM  -  Assess  lung  damage  to  humans  at  an  appropriate  distance  from  a  g 
~  explosive  source. 

GIVEN:  W  *■  explosive  charge  weight 

-  R  -  distance  from  center  of  explosive  charge 

Altitude  (no  symbol) 
m  •=  wei^t  of  body  of  human  subject 


FIND:  Probability  of  survival 


SOLUTION: 


1.  Determine  peak  Incident  overpressure 
Pg  and  specific  impulse  is  for  given 
charge  weight  W  and  distance  R 

2.  Determine  ambient  atmospheric  pres¬ 
sure  from  altitude 

3.  Calculate  scaled  incident  overpres¬ 
sure  Pg 

A.  Choose  weight  of  the  lightest  human 
exposed  at  distance  R  _ 

5.  Calculate  scaled  specific  impulse  ig 

6.  Plot  Pg  and  Tg  and  determine  proba¬ 
bility  of  survival 


reference 
Fig.  A. 5 
Fig.  A. 69 
Eq.  (A. 70) 

Eq.  (A. 75) 
Fig.  A. 68 


CALCULATION 


GIVEN:  W  *=  100  lb 
R  =  100  ft 
Altitude  *  AOOO  ft 
m  *  130  lb 

FIND:  Percent  survival 


SOLUTION:  1 .  R/W 


=  100/100^^^  =  21.5  ft/lb^^^' 

•  ^  _  n  O 


Enter  Figure  A. 5  and  read  P^  -  1.8  psi 

I/O  —3  .  /T  t  ^ 

and  1  /W^'  «  2.55  X  10  psi-sec/lb 

s 

’Unscale’*  to  determine  1 


■  •  u 

773 


.1/3 


2.55  X  lo"^  X  10^^^ 


-3 

5.A9  X  10  psi-sec 


2.  From  Figure  A. 69  for  AOOO  ft  altitude, 
p  «  12.6  psi 
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3. 

4. 

5. 

6. 


From  Equation  (4.70), 

P  =  1.8/12.5  -  0.144 
s 

Given  m  “  130  lb 


From  Equation  (4.75), 

_  5.49  X  10~^ 

”  p  12.6^^^  X  130^^^ 

From  Figure  4.68,  enter  with  ® 


-  1.08  X  10 
0.144  and 


1  *  1.08  X  10”^.  The  point  lies  well  belp^ 

g 

the  threshold  for  lung  damage.  So,  there  is 
no  injury  and  survival  is  100% 


lb 


1/3 


) 
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4.6.2  Tertiary  Blast  In3ury 

with  the  body  in  suu  a^manner^^”  whole-body  displacement  and  subse- 

lated.  Tertiary  blast  damage  Involves  1^^  d„rlng  the 

quent  decelerative  Impact  (Ref.  Bodiiy  aa  s  ^ 

rn5ur-e"Ltrei:;ati:rimp:«  u%hr^^ 

body  involved  (Ref .  4  .61) . 

Although  the  head  is  the  most  vulnerable  portion  of  the  body  to  Mchanl- 

r67r^“BL^rst"o/rtf  dlfl«te‘rt“;  tf  Se‘head‘''Lnrlrfdri  that  trans- 
lation  damage  criteria  should  be  oriented  after 

::rn;uJirn,'°otLrr::5  Tell  factor  Should  be  tahen  into  accoun^ 

?:re™t\1^:s^^:fntTv^:w:^o‘^^t^pt^s^^tressentiall^ 

Ld  random  body  impact  orientation,  will  be  consldere  . 

Because  of  the  many  Bsrameters  Involved  in  decelCTative^lmpact^^aJew^^ 

assumptions  will  be  made.  ^1^®!  d  s  a*hard  surface,  the  most  damaging  case 
occur  during  decelerative  Impact  „nto  only  hard  surfaces 

(Ref.  4.69).  Another  assumption  is  '^s'-  nn  impact  velocity. 

is  being  considered,  translation  da  S  nrecludes  the  need  for  considering 

This  is,  impacting  only  one  type  of  PTe^udes Jhe  n^^^^ 

^ot"Sttre"'vaUd  ^Jen  one°cLs“lLrl  that  the  compressibility  of  various  por- 
tions  of  the  body  can  vary  considerably. 

White  (Refs.  4.61  and  4.62)  and  «»^sd"-  ltpt«)  tftte 

that  the  tentative  11  ^  White’s  (Ref.  A. 62)  recently 

head  should  be  those  presented  in  Table  A.  11.  ^  summarized 

rT:bU%'“2!^\rL\";rclflTno“t:  brip  -safe.,  velocity 

Criteria  for  each  type  of  impact  condition  are  Identica 

1  ^Psof  A  SQ)  have  developed  a  method  for  predicting  the 
Baker,  et  al .  (Ref.  A. 59)  ha  A„[^^-ise  combinations  which  will  trans¬ 
blast  incident  overpressure  and  specific  vaocities  presented  in 

late  human  bodies  and  prope  t  ^  Associated  prediction  curves  are  repro- 
Tables  A. 11  and  A. 12.  This  method  and  associated  preaicrr 

duced  here. 

ngura  4.70  contains  the  pressure-scaled 

(Lrfabra  lev°eI.''i”iirprgurrL7rcontaina  the 
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Table  4.11  Criteria  For  Tertiary  Damage 
(Decelerative  Impact)  To  The  Head 
(References  4.61,  4.62,  and  4.69) 


Skull  Fracture  Tolerance 

Mostly  "safe*'^ 
Threshold 
50  percent 
Near  100  percent 


Related  Impact  Velocity 
_ ft/sec _ 

10 

13 

18 

23 


Table  4.12  Criteria  For  Tertiary  Damage 
Involving  Total  Body  Impact 
(Reference  4.62) 


Total  Body  Impact  Tolerance 


Related  Impact  Velocity 
ft/ sec _ 


Mostly  "safe" 

Lethality  threshold 
Lethality  50  percent 
Lethality  near  100  percent 


10 

21 

54 

138 
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Figure  A. 70  Skull  Fracture 
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Lethality  From  W»»ole  Body  Translation 


tl 


tapul..  combinations  re,ulrea  to  ptodoca  jf^^'^/irATufat  SrUv^l. 
rotv:rio^roliSardlir:nrsirsK^^^  ^^saa  Jal  cntaas. 
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EXAMPLE  PROBLEM  4.15 


PROBLEM  -  Predict  possible  tertiary  blast  damage  to  humans  at  a  specified  dis 
—  tance  from  a  given  explosive  source. 


GIVEN:  W  =  explosive  weight 

R  =  distance  from  center  of  explosive  charge 
m  =  weight  of  body  of  human  subject 


FIND:  Probability  of  injury 


SOLUTION: 


1.  Determine  peak  incident  overpressure 
Pg  and  specific  impulse  is  for  given 
charge  wel^t  W  and  distance  R 

2.  Determine  the  lightest  representative 
weight  of  an  exposed  human,  and  calcu- 

late  ie/m 

1/3 

3.  Locate  P  and  i  /m  on  graphs  for 

s  s 

skull  fracture  and  lethality  for  whole 
body  translation,  and  read  impact  velo' 
cities 

4.  Determine  degree  of  injury  for  appro¬ 
priate  impact  velocities 


CALCULATION 


REFERENCE 


-  Fig.  4.5 


Fig.  4.70  & 
Fig.  4.71 

Table  4.11 


GIVEN:  W  -  100  lb 
R  -  100  ft 
m  =  130  lb 


FIND:  Tertiary  blast  injury,  based  on  skull  fracture 

and  whole  body  translation 


SOLUTION: 


1.  R/W^^^  =  100/100^'^^  ■=  21.5  ft/lb^^^ 

Enter  Figure  4,9  and  read  =  1.8  psi  and 

1  /W^/^  =  2.55  X  lo"^  psi-sec/lb^^^ 

8 

"Unscale"  to  determine  i 
1  ® 

•  W^/^  =  2.55  X  10“^  X  100^/^  =  1.18  x  lO"^  pal-rsec 

2.  Given  m  ■  130  lb.  Calculate 

-  1.18  X  10”^/130^^^  -  2.33  X  10“^  psi-sec/lb^^^ 


Change  1-15  August  1981 
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3. 


1.8  and 


Enter  Figure  4.70  with  ■  1-8  and 

1  -  2.33  X  10■^  n-i' 

°l  the  neere.  hut  well  below  Jbe  lowest  turveu 
?or  Shull  ftscture.  So,  V  «  1°  fpe- 
4  71  with  the  Bame  numbers.  Agalr^*  V  -  ? 

4  R;ferring  to  Table  4.11  for  correlation  of  velo- 
titles  with  injury,  we  find  that  for  either  the 

skull  fracture  or  whole  body  impact  '’'safe” 

Impact  velocities  are  well  ^  the  mostly  safe 
velocities.  So.  no  injury  would 
NOTE:  Had  the  values  for  ordinate  and 

Figures  4.70  and  4.71  been  Pg  *  1  P®^» 

1  psl-sec/lb^^^.  the  velocities  for 

velocity  would  have  been  V  -  15  fps,  and  for 
velocity  ^  fracture  injury 

probability  would  lie  between  threshold  and  50%, 
Shile  lethality  due  to  whole  body 
lie  between  mostly  ’’safe" 

ilgi  iSabllUy  of  Shull  fracture,  but  a  pro- 

bability  of  death.  Whether  this  level  _ 

would  or  would  not  be  acceptable  could  only  b 
a..s>=coti  In  separate  safety  criteria. 
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Change  1-15  August  1981 


4.6.3  Ear  PamaRe  Due  To  Air  Blast  Exposure 


The  ear,  a  sensitive  organ  system  which  converts  sound  waves  into  nerve 
Impulses,  responds  to  a  band  of  frequencies  ranging  from  20  Hz  to  20,000  Hz. 
This  remarkable  organ  can  respond  to  energy  levels  which  cause  the  eardrum  to 
deflect  less  than  the  diameter  of  a  single  hydrogen  molecule  (Ref.  4.70).  Not 
being  able  to  respond  faithfully  to  pulses  having  periods  less  than  0.3  milli¬ 
second,  it  attempts  to  do  so  by  making  a  single  large  excursion  (Ref.  4.70). 

It  is  this  motion  which  can  cause  injury  to  the  ear. 

The  human  ear  is  divided  into  the  external,  middle,  and  inner  ear. 

The  external  ear  amplifies  the  overpressure  of  the  sound  wave  by  approximately 
20  percent  and  detects  the  location  of  the  source  of  sound  (Ref.  4.70).  Rup¬ 
ture  of  the  eardrum  is  a  good  measure  of  serious  ear  damage.  Unfortunately, 
the  state-of-the-art  for  predicting  eardrum  rupture  Is  not  as  well  developed 
as  that  for  predicting  lung  damage  from  blast  waves.  A  direct  relationship, 
however,  has  been  established  between  the  percentage  of  ruptured  eardrums  and 
maximum  overpressure.  Hirsch  (Ref.  4.67)  constructed  a  graph  similar  to  that 
shown  in  Figure  4.72  and  concluded  that  50  percent  of  exposed  eardrums  rupture 
at  an  overpressure  of  15  psl.  White  (Ref.  4.61)  supports  this  conclusion  for 
"fast"  rising  overpressures  with  durations  of  0.003  second  to  0.4  second 
occurring  at  ambient  atmospheric  pressure  of  14.7  psi.  Hirsch  (Ref.  4.67), 
also  concluded  that  threshold  eardrum  rupture  for  "fast"  rising  overpressures 
occurs  at  5  psi,  which  is  also  supported  by  White  (Ref.  4.61)  for  the  range 
of  duration  and  at  the  atmospheric  pressure  mentioned  above. 

At  lower  overpressures  than  those  required  to  rupture  eardrums,  a  tem¬ 
porary  loss  of  hearing  can  occur.  Ross,  et  al.  (Ref.  4.70),  have  produced  a 
graph  of  peak  overpressure  versus  duration  for  temporary  threshold  shift  (TTS) . 
Below  the  limits  of  the  graphs,  a  majority  (75  percent  at  least)  of  those  ex¬ 
posed  are  not  likely  to  suffer  excessive  hearing  loss.  According  to  Ross, 
et  al.  (Ref.  4.70),  their  curves  should  be  lowered  10  dB  to  protect  90  per¬ 
cent  of  those  exposed,  lowered  5  dB  to  allow  for  a  normal  angle  of  incidence 
of  the  blast  wave,  and  increased  10  dB  to  allow  for  occasional  impulses.  In 
sum,  to  assure  protection  to  90  percent  of  those  exposed  and  to  allow  for  nor¬ 
mal  incidence  to  the  ear  (the  worst  exposure  case)  of  an  occasional  air  blast, 
their  curves  should  be  lowered  5  dB. 

Limits  for  eardrum  rupture  and  temporary  threshold  shift,  as  presented 
above,  are  dependent  on  peak  incident  overpressure  and  duration.  Since  specie 
fic  impulse  is  dependent  upon  the  duration  of  the  blast  wave  and  since  both 
peak  Incident  overpressure  and  specific  Impulse  at  a  specified  distance  from 
an  explosion  can  be  calculated  using  methods  in  this  document,  it  is  especially 
appropriate  that  pressure- impulse  ear  damage  curves  be  developed  from  the  pres¬ 
sure-duration  curves.  Assuming  a  triangular  shape  for  the  blast  wave  allows 
for  simple  calculations  which  are  conservative  from  an  injury  standpoint. 
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Percent  Of  Ruptured  Eardrums 


Peak  Overpressure  P^,  psi 


Figure  4.72  Percent  Eardrum  Rupture  as  a 
Function  of  Overpressure 
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The  ear  damage  criteria  presented  in  Figure  4.73  were  developed  from 
the  criteria  for  eardrum  rupture  developed  by  Hirsch  (Ref.  4.68)  and  White 
(Ref.  4.61)  and  from  the  criteria  for  temporary  threshold  shift  developed  by 
Ross,  et  al.  (Ref.  4.70).  Equation  (4.72)  was  used  to  calculate  specific  im¬ 
pulse,  and  temporary  threshold  shift  represents  the  case  where  90  precent  of 
those  exposed  to  a  blast  wave  advancing  at  normal  angle  of  incidence  to  the 
ear  are  not  likely  to  suffer  an  excessive  degree  of  hearing  loss.  The  thres¬ 
hold  for  eardrum  rupture  curve  Is  the  location  below  which  no  ruptured  ears 
are  expected  to  occur  and  the  50  percent  of  eardrum  rupture  curve  is  the 
location  at  which  50  percent  of  ears  exposed  are  expected  to  rupture. 
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•nireshold  Eardrum  Rupture 
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Figure  4.73  Human  Ear  Damage  for  Blaat  Waves  Arriving  at  Normal 
^  Angle  of  Incidence 


EXAMPLE  PROBLEM  4.16 


PROBLEM  -  Find  the  probability  of  ear  injury  at  a  given  distance  from  a  speci- 
-  fied  explosive  source. 

GIVEN:  W  *  explosive  charge  weight 

R  =  distance  from  center  of  explosive  charge 

FIND;  Probability  of  ear  injury  "  REFERENCE 

SOLUTION;  1.  Determine  peak  incident  overpressure 
Ps  and  specific  impulse  Is  for  given 
charge  weight  W  and  distance  R 
2.  Determine  degree  of  Injury  by  plotting 
Pg  and  ig  on  human  ear  damage  curve 

CALCULATION 


GIVEN:  W  =  100  lb  (free  air) 
R  =  100  ft 


Fig.  4.5 
Fig.  4.73 


FIND :  Level  of  ear  injury 


SOLUTION: 


1. 


2. 


R/VT*-^^  =  100/100^^^  =  21.5  ft/lb^^^ 

Enter  Figure  4,5  and  read  P  *  1.8  psi 

s 


4/3 


and  i  /W 
s 

"Unscale"  to  obtain  i 


2.55  X  lO’^  psi-sec/lb^'^^ 


=  2.55  X  lO"^  X  100^^^  »  1.18  X  lO”^ 


Plotting  P  and  i  on  Figure  4.73,  one 
s  s 

finds  that  the  point  lies  well  above  the 
curve  for  TTS,  but  below  the  curve  for 
threshold  of  eardrum  rupture.  So,  humans 
would  suffer  temporary  hearing  loss,  but 
no  serious  ear  injury. 

NOTE:  When  comparing  ear  injury,  primary 
blast  damage,  and  tertiary  blast  damage 
for  the  same  source,  as  has  been  done  in 
Example  Problems  4.14,  4.15,  and  4.16,  one 
invariably  finds  that  ear  injury  occurs  at 
a  greater  distance  than  the  other,  more 
serious,  types  of  blast  injury.  So,  if 


psi-sec 
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safety  criteria  include  an  ear  damage  limit, 
one  can  be  assured  that  no  more  serious 
blast  injury  will  occur  at  the  distances 
corresponding  to  the  ear  damage  limit. 
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